The underwater environment is filled with biotic and abiotic sounds, many of which can be important for the survival and reproduction of fish. Over the last century, human activities in and near the water have increasingly added artificial sounds to this environment. Very loud sounds of relatively short exposure, such as those produced during pile driving, can harm nearby fish. However, more moderate underwater noises of longer duration, such as those produced by vessels, could potentially impact much larger areas, and involve much larger numbers of fish. Here we call attention to the urgent need to study the role of sound in the lives of fish and to develop a better understanding of the ecological impact of anthropogenic noise.
The myth of a silent underwater world In 1962, Rachel Carson wrote about a 'silent spring' in the context of the detrimental impact of the use of pesticides on singing birds. Here we call attention to a 'noisy spring', and the possible detrimental impact of increasing levels of anthropogenic noise on fishes 1 [1, 2] . Fish populations have come under threat for a number of well-known reasons including fisheries [3] , habitat degradation [4] and chemical pollution [5] . Human-generated underwater noise is potentially becoming another threat to fish, just as traffic noise has become a major concern in air with regard to birds and other terrestrial animals [6, 7] . Although humans have engaged in all sorts of activities in, on, and near water bodies for a long time, only recently have these activities expanded in an increasingly noisy manner (Box 1). To date, underwater noise pollution has primarily attracted attention in the context of marine mammals [8] [9] [10] , but it is increasingly recognized as a factor that may also have implications for fish [11] [12] [13] [14] .
In this review we focus on the need for behavioural and ecological studies on the impact of long-term anthropogenic noise on fishes. We take this approach since very large numbers of fish are exposed to moderate but widespread low-frequency noise, produced by vessels, offshore wind farms and other coastal activities, and yet we have the barest insight as to the nature and extent of the behavioural impact of such sounds on fishes ( Figure 1 ). While data on fish behavioural responses to the increase in ambient sound are generally not available, we can use data derived from other vertebrates to suggest that anthropogenic noise may deter fish from important feeding and reproduction areas, interrupt critical activities, or cause stress-induced reduction in growth and reproductive output. The concern about wide-ranging effects is further heightened because sound is of critical importance in the lives of many fish species. Impeding the ability of fish to hear biologically relevant sounds might interfere with critical functions such as acoustic communication, predator avoidance and prey detection, and use of the 'acoustic scene' or 'soundscape' [15, 16] to learn about the overall environment. Taken together, these potential effects could
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Glossary
Active space: the distance from a sound-emitting animal over which the sound is detectable and recognizable by conspecifics. The active space is influenced by the source amplitude, receiver sensitivity, attenuation and degradation during transmission, and interference by ambient noise. Anthropogenic noise: any sound generated by human activities, which has the potential to warn fish of the danger of approaching boats or risky water inlets. It may also be detrimental to fish through deterrence, interference and masking of biologically relevant sounds, or through physiological stress. Auditory detection continuum: mechanistic scale of fish hearing, replacing the traditional and oversimplified categories of generalists and specialists. The scale ranges from fish species without a swim bladder or other air-filled body cavities and only able to detect particle motion (e.g. sharks) to fish species with a so-called otophysic connection between swim bladder and ear and able to detect motion as well as sound pressure (e.g. goldfish). Auditory masking: the perceptual interference of one sound (often concerning a signal) by another (often referred to as noise). The masking impact occurring at the point of the receiver typically depends on the spectral overlap between and the amplitude ratio of the signal and the noise. Cortisol: a corticosteroid hormone or glucocorticoid, often referred to as a stress hormone, due to its involvement in response to stress and anxiety. Cortisol serves to increase blood sugar levels, stores sugar in the liver as glycogen, and also suppresses the immune system. Inner ear: the major structure in fish for detection of sound. The inner ear is located in the cranial cavity of fish and its basic structure is the same as the inner ears of sharks and all terrestrial vertebrates, including humans. Lateral line system: a sense organ used to detect movement and vibration in fish. Lateral lines are usually visible as faint lines running lengthwise down each side of the body and sometimes as a faint network of dots on the head. Swim bladder: an internal gas-filled organ found in most fish species (but for example not in sharks and rays amongst others) that contributes to the ability to control buoyancy control and allows a fish to stay at a particular water depth. The swim bladder can also serve as a resonating chamber and aid in sound production and sound perception.
have a significant impact on survival of individuals and populations and affect whole ecosystems.
It is important to make three points at the start of this review. First, our emphasis is on behavioural effects of human-generated sounds because these are likely to be the most significant for fish. At the same time we recognize that there is a great concern by many investigators, regulators and various industries about high impact sounds. Underwater explosions, pile driving, or seismic surveys, can all have dramatic effects on nearby fish, including physical damage and death. While not covered here, these immediate effects involving relatively few individual animals have recently been reviewed in great detail [14] .
Second, we also emphasize in this review that researchers of the noise impact on fish can get valuable insights from investigations that have been concerned with similar issues in terrestrial animals and, to a lesser extent, marine mammals. In particular, studies on birds might provide guidance in experimental design and in asking questions that are the most useful in gaining a better understanding. Considering the striking similarities in the auditory system and perceptual abilities of all vertebrates [15] , it would also not be surprising to find congruencies in the Box 1. Human invasion of the underwater acoustic environment Underwater sounds generated by human activities can be subdivided in two categories: sounds that are an unintentional byproduct and sounds that are used as a measurement tool. Dominant in the first category are low-frequency noises from vessels for container shipping, public transport, fishing and recreational activities [1, 2, 67, 68, 88] . For example, >80% of global freight transport takes place over water by motorized shipping, while passenger crossing occurs on many rivers, lakes and seas, often on noisy ferries that shuttle between harbours at frequent intervals. Moreover, fishing vessels typically have strong and noisy motors for towing gear. Although the global fishing fleet has not grown much since the early 1990s it still includes about 1.2 million vessels. The number of recreational vessels is still on the rise, with a growing impact on coastal and in-shore waters [32, 42, 89] . Another significant source of anthropogenic noise of the first category is that associated with construction and exploitation of offshore platforms. The first submerged oil wells were drilled in a fresh water lake in Ohio (USA) around 1891, and five years later, the first marine oil wells were drilled near Santa Barbara, California (USA). Today, there are thousands of offshore oil and gas platforms worldwide. In addition, the more recent development of exploitation of renewable sources, such as wind, wave, tidal or current energy, also generates noise during construction and operational phases [90] [91] [92] .
The second category of human-generated sounds for various types of underwater measurements involves both low and high frequencies. Underwater sound is used by navies, fisheries, the oil and gas industry, oceanographers, geologists, as well as meteorologists. The first time that sound was used by humans to locate objects underwater was shortly after the Titanic sank in 1912. After that, the use of mid-and later low-frequency sonar has become widespread for navigation and localization of submarines and other objects. In the context of fisheries, the first acoustic study concerned the localization of spawning cod at the Lofoten Islands in 1935 [93] . Then, by 1950, fish-finding echo sounders had become an essential aid to all commercial fishing vessels. Other acoustic measurement applications include seismic reflection profiling using high-intensity airguns to obtain information about the geological structures beneath the seafloor, and acoustic thermography of ocean climate (ATOC). The second of these was launched in the 1990 s using relatively high-intensity sound transmission for long periods to determine ocean temperature [9] . 
Box 2. Underwater sound -an overview
The basic principles of sound propagation in air and in water are the same, but there are a number of features peculiar to underwater acoustics [94, 95] . Water is an excellent medium for sound transmission because of its high molecular density. Sound travels about five times faster in water than in air (about 1500 vs. 300 m/s), and this means that wavelengths are about five times longer in water than in air (e.g. for a 100 Hz signal: 3 m in air, 15 m in water). Sound also attenuates less over the same distance in water than in air. As a consequence, sound travels much greater distances at higher amplitude levels in water compared to air, thereby enabling longdistance communication, but also a long-distance impact of noise on aquatic animals.
Sound levels or sound pressure levels (SPL) are referred to in decibels (dB). However, the dB is not an absolute unit with a physical dimension, but is instead a relative measure of sound pressure with the lower limit of human hearing corresponding to 0 dB in air. Underwater dB-levels are different from above water dB-levels [95] . Sound pressure levels above water are referenced to 20 mPa, while underwater they are referenced to 1 mPa. As a consequence, adding 25.5 dB to the airborne dB-level is required to get a comparable underwater dB-level. Furthermore, related to the much higher acoustic impedance of water compared to air, another 36 dB correction is required, making an airborne sound pressure level of 70 dB re 20 mPa comparable to an underwater 131.5 dB re 1 mPa.
Sound pressure levels are based on root-mean-square (RMS) measures averaged over time. They are useful for relatively long sounds but less effective for brief sounds such as pile-driving strikes and echolocation clicks of whales. Peak-to-peak values in the amplitude waveform provide an alternative measure, but comparisons between peak-to-peak and RMS levels are difficult [96] . Recently, investigators have adopted another so-called Sound Exposure Level (SEL), which is an alternative measure reflecting the total acoustic energy received by an organism [13, 14] . A final issue of critical importance for understanding underwater sound as it relates to fish is the presence of a substantial particle motion component in the aquatic sound field, along with pressure. Since water is so dense, particle motion is a component of the sound field at all distances and fish are adapted to detect this component (see Box 3).
behavioural and physiological impact of human-generated sounds among very different vertebrate groups.
Third, it is important to stress that some fundamental insight into underwater acoustics is critical for a proper understanding of the problem with noise (Box 2). For example, the world of fish has been wrongly assumed to be quiet, as reflected by the title of Jacques Cousteau's 1956 movie The Silent World. The supposition that the underwater world is silent no doubt arose because sound transmission from water to air is poor, and because the air-adapted human ear is a relatively poor receiver underwater. In thinking about underwater acoustics, it is also important to realize that aquatic animals often live in a dark or turbid environment: even a few metres from the animal the use of vision to gather information becomes restricted. In contrast, sound is not restricted by low light levels or objects in the environment, while many aquatic animals, including all fish, have more or less advanced abilities to hear (Box 3).
Are there noise-dependent fish distributions? If anthropogenic noise deters fish, or if noise is bad for fish survival and reproduction, one might predict lower fish diversity and density at noisy places. At the moment, however, there are few studies that indicate such negative correlations between the presence of noise and the presence of fish. Some studies report an effect of vessel noise on fish flight behaviour in the context of population assessments and catch rates for commercially important fish stocks. For example, horizontal and vertical movements away from vessels have been reported for Atlantic herring (Clupea harengus) and Atlantic cod (Gadus morhua) [17, 18] , presumably in response to ship noise. Another example concerns effects of nearby boating noise on blue-fin tuna (Thunnus thynnus) in large oceanic pens. In the presence of boat noise, tuna schools were less coherent than when the noise was not present and individual fish often swam independently towards the surface or the bottom [19] . Fish have also been reported to flee from seismic shooting areas as inferred from decreased catch
Box 3. Fish ears and hearing abilities
All fish studied to date are able to hear sounds [15, 97, 98] . They have two sensory systems for detection of water motions: the inner ear (there is no outer or middle ear) and the lateral line system. The ear serves to detect sound up to hundreds or even thousands of Hz (depending on the species), whereas the lateral line detects low-frequency sound (e.g. <100 Hz), but is generally considered to be primarily a detector of water motion relative to the body.
Sound can be thought of in terms of both particle motion and pressure fluctuations. Sensory hair cells in the inner ear and lateral line (both of which are very similar to those found in the mammalian ear) are stimulated by mechanisms that respond to particle motion and are responsible for converting these motions to electrical signals that stimulate the nervous system. The lateral line system is found along both sides of the body and typically spreads out over the head region where it plays a dominant role in the detection of water motion and low-frequency sound at short distances (one or two body lengths). In contrast, the inner ear also detects sounds of much higher frequencies and from greater distances (probably via acoustic pressure since particle motion declines with distance more rapidly).
Different fish species vary in absolute sensitivity and spectral range of hearing ( Figure I) , which relates to an auditory detection continuum based on presence or absence of specially evolved morphological structures [15, 97, 98] . Special features that improve the pressure-tomotion transduction from the swim bladder may involve gas-filled cavities reaching the inner ear. There may also be a direct mechanical connection between the swim bladder and the inner ear through a series of bones (the Weberian apparatus) such as in a large group of fish species (Otophysi) that includes goldfish (Carassius auratus) and catfish. Generally speaking, fish hear best within 30-1000 Hz, while species with special adaptations can detect sounds up to 3000-5000 Hz. Some exceptional species are sensitive to infrasound or ultrasound. Figure I . Hearing ranges of selected fish and mammal species, reflecting some of the typical variety in these taxonomic groups (for reviews see Refs [10, 15] ). The vertical dashed lines demarcate the human hearing range in air. Each species has a more restricted range of peak sensitivity within the species-specific limits (not indicated). From top-to-bottom, red horizontal bars represent: European eel, a freshwater species spawning at sea with sensitivity to infrasound; Atlantic cod, a marine species with 'average' hearing abilities; and goldfish, representing many freshwater fishes with specially evolved hearing abilities. For mammals in blue, we included Californian sea lion (Zalophus californianus), bottlenose dolphin (Tursiops truncatus), and fin whale (Balaenoptera physalus). The anthropogenic noise ranges indicate where the majority of sound sources have most of their energy, although some human-generated sounds exceed these frequencies. At the bottom of the figure are frequency ranges of low-frequency (USA), midfrequency and high-frequency sonar.
rates for both long lines and trawler fisheries [20, 21] . However, there is also a study with direct observations on reef fish that remain close to their territories after exposure to seismic air-gun shooting [22] .
In contrast to the little we know about effects of environmental sound on fish behaviour, a good deal is known about the potential impact of anthropogenic noise on bird behaviour. For a long time, declines in avian diversity and density associated with highways have been attributed at least partly to traffic noise [23] . The idea was supported by a study suggesting that a negative effect was dependent on the spectral overlap between traffic noise and birdsong [24] and by several studies showing spectral flexibility in bird species that do well under noisy conditions [6] . However, the best evidence for a negative impact of anthropogenic noise on birds comes from natural areas around extraction stations associated with the gas and oil industry [25, 26] . Some extraction stations are noisy and others quiet, and this subdivision is independent of the aboveground variation in avian habitat characteristics. Consequently, and in contrast to traditional road-impact studies, the decline in bird breeding density and diversity found in these studies can be attributed solely to the impact of noise.
Whether similar results will be found for fish is not known, but the avian results are highly suggestive of questions that must be asked for fish, and they even suggest ways to explore and answer such questions. For example, it may be possible to investigate the impact of noise on fish diversity and density by making use of the maritime gas and oil industry. Similar to the above water situation with birds, there are offshore platforms that have high underwater noise levels due to compressor noise and human activity, while others serve as more silent satellites. Alternatively, freshwater systems, often being more accessible, can be explored experimentally by using artificial noise sources in some locations that can be compared to quiet, control locations. While data on sound conditions and fish behaviour at these control locations may provide insight into the potential for soundscape orientation [15, 16] , such an experimental set-up would allow for testing an impact on species community and relative densities dependent on artificial noise levels and specific noise features. The impact of anthropogenic noise on dispersal and passage of migratory fish can be tested in a similar way in canal and river systems [27, 28] .
Consequences for fish that remain in noisy waters
Notwithstanding the lack of proper monitoring data, fish sometimes congregate, seeking shelter or food, at places with artificially high noise levels. Anecdotal observations on fish under noisy bridges or near noisy vessels indicate that adverse effects are not necessarily overt and obvious, but they do not tell us whether fish experience any negative consequences related to the noise. For example, several studies in captive fish have shown an increase in secretion of the stress hormone cortisol during exposure to white noise or simulated boat noise [29,30, but see 31] . Other recent studies on potential indicators of stress in captive fish report noise-related rises in heart rate [32] and increased motility related to several blood parameters reflecting increased muscle metabolism [33] . Although one must be cautious in extrapolating to free-swimming fish that may be able to leave areas of high stress, these findings at least suggest that anthropogenic noise could be a stressor in natural water bodies.
Noise-dependent stress, like other environmental stressors, might affect growth and reproductive processes [34] , but this has hardly been investigated. A relatively old study, in which the acoustics of the experiments were poorly controlled and calibrated, suggested lower egg viability and reduced larval growth rates in noisy fish tanks compared to more quiet control tanks [35] . A more recent and better study on rainbow trout (Oncorhynchus mykiss), exposed to realistic noise levels for fish tanks in an aquaculture facility [36] showed no impact on growth, survival, or susceptibility to disease, even over nine months of exposure [31] . However, given the very limited number of species investigated, it is not clear whether one can extrapolate from captive rainbow trout to other species that may differ in hearing ability and in the extent they depend on sound for natural activities.
In addition to an impact on growth or reproduction related to noise-determined physiological stress, anthropogenic noise may also affect populations in a more indirect way. Data on birds has shown that individuals that vary in reproductive abilities, related to age, experience, or size, may not be evenly distributed over noisy and quiet areas of otherwise suitable habitat [37, 38] . The relative absence of more experienced and typically more productive males in noisy territories means that habitat productivity for these species diminished beyond the effect of a reduction in number of territory holders. These results may be relevant to fish since many species are territorial and have explicit age-dependent size classes varying in productivity [39] . However, so far we lack any study looking at distribution of size classes relative to noise levels.
Population productivity of noisy areas might not only be affected by lower numbers or lower-quality individuals, but might also decline due to lowered reproductive efficiency. Data on frogs has shown, for example, that anthropogenic noise may either increase or decrease calling activities [40, 41] , with possible fitness consequences related to increased energetic or predation costs or decreased mating success. While there are no similar data yet for free-living fish, a relatively old study reports on actual interruption of spawning in roach (Rutilus rutilus) and rudd (Scardinius erythrophthalmus) by an approaching fast-moving powerboat [42] . Although obviously more data are required, it should be realized that the mere presence of fish in noisy waters does not necessarily mean that they are part of a reproductively active population. A better insight can be generated through studies on the impact of anthropogenic noise on the rate and nature of reproductive behaviour and acoustic signalling in free-living fish.
Masking of acoustic communication
A specific noise impact that could lead to lower reproductive efficiency for fish is masking of communicative sounds. Over 800 species from 109 families are known to produce sounds, while many more are suspected to do so [43] [44] [45] . The sounds that fish produce are, in most cases, broadband signals with most energy <500 Hz. Distinct variation in spectral and temporal characteristics can be related to species [46, 47] , populations [48] , and gender [49] . Furthermore, graded variation in pitch and duration can be correlated with size [47, 50, 51] or seasonal fluctuations in motivation [52] . Such acoustic variation means that sounds can serve as information carriers in acoustic communication among fish [43, 44, 53] . That fish communicate acoustically becomes evident from the contexts in which the sounds are produced, such as during agonistic interaction in territorial fights, when competing for food, or when being attacked by a predator [54] [55] [56] [57] .
However, the most common context in which fish are known to produce sounds is in spawning aggregations [58, 59] and courtship interactions [60, 61] . Although often not explicitly demonstrated, sounds could serve in aggregating reproductive groups, in which they may contribute to synchronization of male and female gamete release [62] . At a more individual level, sounds could attract potential mates to a specific place for courtship or egg shedding [63] . Recent experimental evidence has unequivocally shown that sounds can modify mate choice decisions in fish. Female haplochromine cichlids (Pundamilia nyererei) provided with a choice between two males, matched in size and colour, preferred to interact with the male associated with playback of conspecific sounds [47] . An acoustic impact on sexual preferences was also inferred for Atlantic cod in which the male drumming muscle mass was correlated with mating success [64] . Although these examples strongly suggest acoustic communication occurs in fish, there is a substantial lack of insight into the distribution and nature of the phenomenon across species and across habitats (from shallow waters to the deep sea).
Clearly, however, if fish sounds serve a communicative function in a reproductive context, problems of detection and recognition due to the presence of anthropogenic noise [65] [66] [67] could have fitness consequences. It should be clear that fish have not evolved in a quiet environment, and natural noise levels can also become loud, for example during fish choruses [58, 59] . Nevertheless, playback of field recordings under laboratory conditions, at natural spectral content and level, confirmed experimentally that noise generated by a cabin-cruiser type of boat can significantly increase detection threshold levels for conspecific sounds in both brown meagre drums (Sciaena umbra) and Mediterranean damselfish (Chromis chromis) [68] . Based Figure 2 . (a) Spatial distribution of sender communication space for uniformly distributed right whales listening to a 200 Hz conspecific call from a male individual in the centre of the space in the presence of noise from a ship with a source level of 172 dB re 1 mPa. Blue dots indicate receivers for which the whales are likely to detect the sound produced by the focal individual, while red dots indicate receivers for which the noise of the ship exceeds the signal beyond detectable levels. Left: the ship is approaching the calling whale from the northeast causing a 6% decrease in the sender's communication area. Right: the ship is within 2 km to the northwest of the caller causing a 97% decrease in the sender's communication area [87] . (b) Loss of communication range due to a rise in anthropogenic noise relative to historical conditions. Received sound levels for 20 Hz fin whale calls are depicted against a background of natural noise levels (in blue), yielding an audible range of 1000 km, and elevated noise levels due to anthropogenic influences (in red), leading to a reduced audible range of only 10 km. The graph is modified, with permission, after a model by Peter Tyack. He incorporated realistic signal attenuation during propagation through the ocean in his model and assumed a 90 dB re 1 mPa noise floor for the pre-industrial ocean, currently elevated by 20 dB from shipping (which is still a conservative estimate likely to be met at many places).
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on these measurements, passing boats were inferred to reduce detection distances under field conditions by up to 100 times.
Masking leading to a reduction in detection distance, or the so-called active space, can lead to failure in mate attraction. Although we lack any empirical evidence demonstrating this for fish, data for birds and frogs can inform our views on the potential for masking effects. Male ovenbirds (Seiurus aurocapillus) near gas extraction stations experienced a decline in mate attraction rates when trying to convey their acoustic message in the presence of a noisy compressor [38] . Another consequence of masking could be that sexual signals are still detected, but that specific acoustic cues in the signals that are important for mate selection get lost. In fish, allometric correlations with acoustic features provide ample opportunity for female mate selection that targets male size [47, 50, 51] . Although no data are available yet on acoustic preferences of female fish for sounds of large males over sounds of small males, the phenomenon has been tested, confirmed and shown to be noise-level dependent in frogs [69, 70] . Typically, large male frogs are acoustically more attractive to females than small ones, but this advantage seems to be lost under noisy conditions [71] . Apparently, noisy conditions can interfere with mate selection, while suboptimal pairing could negatively affect individual reproductive success and thereby affect whole populations.
It is not only essential to assess signal-to-noise threshold levels for an impact of anthropogenic noise on detection and recognition of relevant sounds. We also need insight into the potential scale of impact of such masking effects under natural conditions. Some calculations exist for active space shifts due to anthropogenic noise in frogs [72] and fish [68] , and there are some especially insightful studies for marine mammals that may conceptually well apply to fish. For example, baleen whales (Mysticetes) produce low frequency sounds that may travel for hundreds of kilometres, and it has been suggested that these sounds may be used for communication and orientation [73, 74] . Figure 2 illustrates at what distances such calls of North Atlantic right whales (Eubalaena glacialis) are still audible in the presence of anthropogenic noise from an approaching ship (a). Data are also shown for fin whales (Balaenoptera physalus) from historical to current ocean noise levels (b). It is important to realize that the active space may also be affected in a similar way for any sound in the auditory scene that may serve as a general orientation cue, for example in making settlement decisions such as suggested to be the case in coral reef fish [75] and crab larvae [76] .
Noise-impact on predator-prey relationships Hearing and localizing of sounds can also be advantageous for specific purposes such as locating prey and avoiding predators. For example, although sharks and other cartilaginous fishes probably have relatively poor hearing sensitivity compared to other fishes, they were reported to approach irregularly pulsed broadband sounds, which could be indicative for the presence of struggling prey [77] . Similarly, surface-feeding fish can localize prey accurately by listening to the surface waves produced when prey fall into the water [78] . Some bottom-feeding fish such as peacock cichlids (Aulonocara) are even able to sense the sound of prey submerged in the sediment [79] . In other species, broad hearing bandwidths have been correlated with predator avoidance. For example, some herring species (Clupeidae) of the genus Alosa are capable of detecting ultrasound (up to 180 kHz), which could allow detection and avoidance of echo-locating whales [80, 81] . Field studies on European eel (Anguilla anguilla) and juvenile salmonids showed that they are able to detect and avoid infrasound (<20 Hz), which could allow them to sense the hydrodynamic noise generated by approaching predators [82, 83] . Data are completely lacking in fish, but based on insight from very few and very different animal species, we believe that anthropogenic masking effects on predator-prey relationships could be widespread.
Predators that use sound for hunting (as might occur especially in dark or turbid environments) can be restricted by noisy conditions through lower availability of suitable foraging areas and a lower catching efficiency. An instructive mammalian example of this comes from a study on greater mouse-eared bats (Myotis myotis) which use subtle rustling sounds to locate their prey. Captive bats tended to avoid the noisy side of a two-compartment flight room, and also showed lower hunting efficiency when they did enter the noisy compartment [84] . Similarly, prey that use their ears to scan for predators can be negatively affected by anthropogenic noise. In a study on chaffinches (Fringilla coelebs), a species that is potential prey for cats and raptors, foraging birds increased the amount of time that they were upright and scanning visually for predators in high noise conditions compared to when it was quieter and they could listen for predators [85] . This finding was interpreted as a compromise on food intake rate to compensate for finches relying less on auditory detection of approaching predators. In line with this interpretation, a recent study on terrestrial hermit crabs (Coenobita clypeatus) reported a noise-dependent decrease in efficiency with respect to predator detection (represented by a walking person) [86] . These three experimental studies, while not for fish, clearly highlight the potential concerns for the effects of anthropogenic noise on predators as well as prey, and the need for parallel experiments with fish.
Conclusions
It has become clear that sound can be important to fish and that a rise in artificial noise levels underwater may have negative consequences for individuals as well as populations. Although sonar, piling and explosions typically attract most attention, it is reasonable to argue that the greater impact on fish will be from less intense sounds that are of longer duration and that can potentially affect whole ecosystems. Thus, our goal in this review has been to outline the potential impact of sound in four main areas related to moderate but widespread anthropogenic noise conditions (Box 4). The current lack of insight impedes our ability to make predictions about the effects of anthropogenic noise on fish and we have argued that we could gain such insight using data and methodology from studies on various terrestrial animals. We believe our review strongly suggests that the investigations needed most include those of noise-dependent distribution and reproduction as well as investigations of masking of sounds used for communication, orientation, or detection of predators and prey. Such studies in the aquatic environment are likely to be an order of magnitude harder than for similar studies in air, for example due to human observers having difficulty in seeing aquatic animals over large areas and localizing sounds underwater. Nevertheless, we expect experimental approaches in the laboratory and in the field to yield critical insights. There is no doubt that this will be a challenging and long-term enterprise, but studies on the impact of pesticides on birds and the conservation measures derived from these have also curbed the prophesy of a 'silent spring' for birds. We believe the investigations we have proposed could do the same for fish, and that these provide a better alternative to waiting to see what happens to fish in the dim future of a more and more 'noisy spring'.
Box 4. Major targets for future research
More field studies are needed on the role of sound in the life of fishes in general, especially with respect to the use of sounds for general orientation purposes (i.e. soundscape orientation [15, 16] ). Furthermore, while data are required on the effects of very high intensity, relatively transient sounds as well as on the effects of lower intensity, but more long-term sounds, the greatest impact on most fish clearly comes from the latter sources. Thus, studies of such sounds are most urgently needed. More specifically, the kinds of studies especially needed are those that focus on questions related to whether fish are affected behaviourally or physiologically by the global rise in noise levels or specific anthropogenic sounds and how mitigating measures could help to limit such impact. Insight showing that some species are affected by sounds but others are not, that some sounds are detrimental but others are not, or that noise causes trouble during some periods but not during others, are only some examples of how proper investigations may yield opportunities for mitigation with significant ecological implications at relatively low cost. We therefore advocate more studies in four main domains of research which are likely to provide critical insight into key questions raised in this article:
Noise-dependent fish distributions. Are there differences in how fish are distributed in quiet and noisy environments, and how might these distributions vary depending on sound source, species, fish age, and other physical and biological factors? Reproductive consequences of noisy conditions. Is there a negative influence of anthropogenic noise on reproductive success, by causing physiological stress, by restricting mate finding, or by keeping fish from preferred spawning sites? Masking effects on communicative sounds. Does the presence of masking sounds of different types and intensities impact the ability of fish to communicate acoustically or use the acoustic 'soundscape' to learn about the environment? Masking effects on predator-prey relationships. Does the presence of masking noise affect the ability of fish to find prey (get food) or detect the presence of predators (become food)?
